Ten of 12 Chandipura virus tdCE mutants, which exhibit temperature-dependent restriction of growth in chick embryo (CE) cells but not in BS-C-1 cells, showed deficient transcriptase activity in vitro at 39 °C relative to wild-type virus. A gradation in transcriptional activity at 39 °C in vitro was observed. Reversion of the tdCE phenotype to unrestricted growth in CE cells at 39 °C was accompanied by partial restoration of normal transcriptase activity at 39 °C, suggesting that reversion was mediated by either extragenic or intragenic suppression. Viral protein synthesis was reduced or absent in CE cells at 39 °C indicating that transcription was also defective in vivo under these conditions. Induction of heat-shock proteins in CE cells at 39 °C occurred normally in tdCE mutant-infected cells and RNA methylation in vitro was unaffected.
INTRODUCTION
Chandipura (CHP) virus is a member of the genus Vesiculovirus of the family Rhabdoviridae. Like vesicular stomatitis virus (VSV), the prototype of the genus, CHP virus has a genome which encodes five structural polypeptides, three of which (L, N, NS) together with the viral RNA constitute a ribonucleoprotein complex (transcribing nucleoprotein, TNP), which is capable of directing transcription of virus-specific mRNA in vitro (Szilfigyi & Uryvayev, 1973; Ongrfidi et al., 1985; J. F. Szil~.gyi, unpublished data) .
Conditional host range mutants, designated tdCE mutants, have been described for VSV Indiana and VSV New Jersey (Pringle, 1978) . These mutants exhibit growth restriction at 39 °C in chick embryo (CE) cells, but are unrestricted in BHK cells. Four tdCE mutants of VSV New Jersey investigated in detail fell into two classes exhibiting either thermosensitive or normal transcriptase activities in vitro at 39 °C (Szilfigyi & Pringle, 1975) . Normal transcriptase activity was restored on reversion of the tdCE phenotype of one of these thermosensitive mutants to wild-type, suggesting that the conditional host range phenotype of these mutants was determined by the virion polymerase.
It was of interest, therefore, to examine the in vitro transcriptase phenotypes of tdCE mutants of a related rhabdovirus, and to perform a more quantitative study employing a larger number of tdCE mutants to determine whether the association of the conditional host range phenotype with thermosensitive polymerase activity in vitro is a general phenomenon.
We report the results of an analysis of the in vitro transcriptase activities of 12 tdCE mutants of CHP virus, four of which had been isolated by Gadkari & Pringle (1980b) and eight subsequently. The ability of these mutants to methylate RNA synthesized in vitro was investigated also, in view of the report (Horikami & Moyer, 1982) of an RNA methylation defect in two host range mutants of VSV Indiana isolated earlier by Simpson & Obijeski (1974) . The ability of the tdCE mutants of CHP virus to synthesize viral proteins intracellularly at 39 °C was also investigated, as was the induction of heat-shock proteins in view of evidence that such proteins are induced by certain herpes simplex virus temperature-sensitive (is) mutants in CE cells at 38.5 to 42 °C (E. Notarianni, unpublished data) .
METHODS
Viruses. CHP virus was obtained from Dr F. Murphy of the Center for Disease Control, Atlanta, Ga., U.S.A., and the wild-type stock was established by three sequential clonings from single plaques in BHK-21 cells. Mutants tdCE CH514, tdCE CH530, tdCE CH565 and tdCE CH859, isolated by Gadkari & Pringle (1980b) , were recloned by isolation from single plaques and re-designated tdCE CH112, tdCE CH90, tdCE CH72 and tdCE CH63, respectively. Mutants tdCE CH4, tdCE CH151, tdCE CH157, tdCE CH194, tdCE CH245, tdCE CH256, tdCE CH354 and tdCE CH380 were isolated in the course of this study.
VSV New Jersey wild-type and mutant tdCE3 (Szil~gyi & Pringle, 1975; Pringle, 1978) were used in some experiments as controls.
Cells. BHK-21 clone 13 and BS-C-1 cells were supplied by the Cytology Department of the MRC Virology Unit. CE cells were prepared from eggs obtained from leukosis-free chickens and propagated as secondary monolayer cultures in roller bottles. All cells were propagated in Eagle's medium (Glasgow modification) containing 10~ calf serum (plus 10~ tryptose phosphate broth for BHK-21 cells).
Isolation of mutant viruses. Mutagenesis of wild-type virus by 5-ftuorouracil (5-FU) was carried out in BS-C-1 monolayers infected at an m.o.i, of 0.02 p.f.u./cell, as described by Pringle (1970 Pringle ( , 1978 . The concentrations of 5-FU used were 50, 100 and 200 pg/ml. Potential mutants were screened by inoculating mutagenized virus onto CE monolayers in 24-well plates and incubating duplicate plates at 31 °C and 39 °C. Plaque isolates which produced c.p.e, at 31 °C but not 39 °C in CE cells were passaged in BS-C-1 monolayers to amPlify their titre, and then subjected to infectivity assays on BS-C-1 and CE monolayers at 31 °C and 39 °C. Clones which exhibited an efficiency of plating (e.o.p.) at 39 °C (e.o.p. = log10 p.f.u. 31 oc _ logt0 p.f.u. 39°C) of >2 but showed wild-type e.o.p. (<0.7) in BS-C-I cells were considered to display the tdCE phenotype.
Revertants of mutant viruses were isolated from occasional plaques which appeared on incubation of these mutants under restrictive conditions (CE cells at 39 °C). Stocks of mutant, revertant and wild-type viruses were prepared by infecting monolayers of BS-C-1 cells (or BHK-21 cells in the case of VSV) in 2 1 roller bottles at low multiplicity, followed by incubation at permissive temperature until c.p.e, was advanced. The medium was harvested, samples were put into screw-capped vials and stored at -70 °C.
Growth andpartialpurification of virus. The method used for virus growth was that of Szilfi.gyi & Pringle (1975) with minor modifications. Clarified supernatant from infected cultures in 21 roller bottles was distributed among 40 ml polycarbonate tubes over 5 ml 30 ~ glycerol in 20 mM-Tris-HC1 pH 8.0 and the virus was pelleted through the glycerol cushion by centrifugation at 20000 r.p.m, for 1.5 to 2 h at 4 °C in an SS34 rotor of a DuPont Sorvall centrifuge. Each pellet was soaked overnight at 4 °C in 100 ~t120 mM-Tris-HC1 pH 8.0 and resuspended gently the following day.
Determination of protein concentration. The method of Lowry et al. (1951) was used, with bovine serum albumin as the standard.
Preparation of TNP and assay ofRNA transcriptase. TNP was prepared by the method of Szilfigyi & Pringle (1975) , with minor modifications, using virus pelleted through a 30~ glycerol cushion. Transcriptase activity was measured by the method of Szil/tgyi & Pringle (1975) . During the incubation period 20 vtl samples were taken at intervals and spotted onto 2-5 cm discs of DE81 paper which were allowed to dry in air prior to washing with 5~ sodium pyrophosphate (five times), deionized water (twice) and ethanol (twice) (Ongr~di et al., 1985) . After drying, toluene-based scintillant was added and radioactivity was counted in a Beckman scintillation counter for 1 min. The mean c.p.m, in duplicate samples were computed.
Methylation of synthesized RNA in vitro. The procedure used was a modification of the method described for RNA transcription by TNP (Szil~gyi & Pringle, 1975) . S-Adenosyl-L-[Me-3H]methionine (76 Ci/mmol) was substituted for [3H]UTP and the concentration of unlabelled UTP in the reagent mixture was made equal to the concentration of the other triphosphates. Sixty vtl TNP was used in 200 ~tl reaction mixtures which contained either 100 V.M-S-adenosyl-homocysteine (SAH) (Horikami & Moyer, 1982) or none. DE81 discs were placed straight into the wash immediately after sampling, to circumvent the problem of high background encountered if the discs were dried first (which appeared to be attributable to the presence of SAH in the reaction mixture). Radioactivity was determined as described above.
lntracellularprotein synthesis. BS-C-1 or CE monolayers were infected in duplicate at a m.o.i, of at least 20. After adsorption at 31 °C or 39 °C, infected cells were washed twice with prewdrmed growth medium containing 2 ~ calf serum. Prewarmed growth medium containing no methionine or one-fifth the normal methionine concentration, plus [35S]methionine (1150 to 1500 Ci/mmol) were added to the monolayers and incubation continued until 5 h post-infection or until c.p.e, was advanced. Labelled medium was removed, and the monolayers given a single rapid wash with phosphate-buffered saline and/or deionized water. Cells were recovered by freeze,hawing or lysis, denatured with denaturing buffer and frozen at -70 °C until electrophoresed. TCA-precipitable radioactivity was determined.
Intracellular polypeptide profiles were obtained by electrophoresis in 8 or 9~ polyacrylarnide slab gels of samples containing equal c.p.m, according to the method of Marsden et al. (1978) .
Induction of heat shock proteins. The method used was that described by Notarianni & Preston (1982) .
RESULTS
Isolation of tdCE mutants and non-tdCE revertants CHP virus was mutagenized at 31 °C in BS-C-1 cells in the presence of 5-FU, a potent inducer of ts mutations (Gadkari & Pringle, 1980a) . A total of 429 clones was isolated from wellseparated plaques and screened in CE cells at 31 °C and 39 °C. Of 45 clones which failed to produce c.p.e, at 39 °C, 18 were sufficiently stable for further analysis. Ten of these proved to be ts mutants, unable to form plaques on either BS-C-1 or CE cells at 39 °C, while the remaining eight Were tdCE mutants, temperature-sensitive in CE cells only. The frequencies of isolation of tdCE mutants were 1.82~ for 100 ~tg/ml 5-FU and 3-21 ~ for 200 ~tg/ml 5-FU. The efficiencies of plating of these tdCE mutants, the four tdCE mutants re-cloned from those originally isolated by Gadkari & Pringle (1980b) and re-designated tdCE CH63, tdCE CH72, tdCE CH90 and tdCE CH112, the wild-type virus (CHPts+), and a ts mutant subsequently derived from one of the twelve tdCE mutants (see below), are given in Table 1 .
Non-tdCE revertants of several mutants were isolated from the plaques which appeared on CE monolayers at frequencies ranging from < 0.002~ to 0"04~o according to the mutant when tdCE mutants were incubated at 39 °C (see Fig. 1 ). Mutant tdCE CH354 is particularly noteworthy because as well as recovery of non-tdCE revertants at 39 °C, a spontaneous ts mutant (tsCH500) was isolated during passage in BS-C-1 cells at 31 °C. Two types of revertant clones were obtained when this mutant was plated on BS-C-1 monolayers at 39 °C: non-ts revertants at a frequency of 0.005~o and revertants with a tdCE phenotype at a frequency of 0-06~. One of these tdCE revertants (RtdCE CH500/4) in turn yielded non-tdCE revertants at a frequency of 0.oo2%. Fig. 1 summarizes the relationships of the 20 mutants and revertants of CHP virus which were used in this analysis of the tdCE phenotype. Stocks of all mutant, revertant and wild-type viruses were prepared by growth from low-multiplicity infection of BS-C-1 cells to limit the content of defective interfering particles. Gadkari & Pringle (1980b) and re-cloned. The figures in parentheses represent the frequency of isolation of revertants.
In vitro RNA synthesis by TNP Fig. 2(a) shows the reaction kinetics of RNA synthesis at 31 °C and 39 °C by TNP preparations of representative tdCE mutants and the wild-type virus, over a 2 h incubation period. RNA synthesis at 31 °C was linear for the first 30 to 60 min.
During the first 30 min of incubation at 39 °C, the rate of RNA synthesis by the wild-type virus and mutant tdCE CH90 was at least half that at 31 °C, and a plateau was reached by 120 rain. At the end of the incubation period the amount of RNA synthesized at 39 °C compared to 31 °C (as ratio of 3H c.p.m, at 120 min) was 23~ for the wild-type virus and 26~ for mutant tdCE CH90. In the case of mutants tdCE CH4 and tdCE CH151 the amounts and initial rates of RNA synthesis at 39 °C were considerably less than those of the wild-type virus and a plateau was reached earlier. Mutants tdCE CH4 and tdCE CH151 synthesized at 39 °C 3.5~o and 2.7~, respectively, of the amount of RNA synthesized at 31 °C. These variations in initial rates and amounts of RNA synthesized at 39 °C are representative of the pattern observed with the other eight tdCE mutants.
To obtain a more accurate measure of the initial rates of RNA synthesis at 39 °C compared to 31 °C, transcription mixtures were also incubated for 30 min and sampled at 5 rain intervals. When radioactivity was plotted against incubation period, an initial lag was often observed at 31 °C (see Fig. 2b ), attributable to the time required for equilibration of the reaction tubes. RNA synthesis continued at 31 °C at linear rates which were essentially similar for mutant and wildtype viruses. At 39 °C RNA synthesis was linear initially but slowed down after about 15 rain. RNA synthesis inhibition generally occurred by 25 min at 39 °C. The mean efficiency of transcription at 39 °C (computed by comparing slopes of the initial linear portions of the curves) was 52~o for the wild-type virus and varied between 14 and 54~ for tdCE mutants. Fig. 2(b) shows the results obtained with this type of assay for the same mutants shown in Fig. 2(a) .
The efficiencies of transcription at 39 °C for all 12 tdCE mutants compared to the wild-type virus by both methods of assay, expressed as a mutant : wild-type ratio, are shown in Table 2 and presented diagrammatically in Fig. 3 in ranked order. The data in Table 2 show the extent of the correspondence of the ratios obtained by the two methods, and Fig. 3 shows that there is an almost continuous gradation in efficiency of transcription at 39 °C, ranging from well below 50~ of the wild-type efficiency to greater than wild-type efficiency. Six mutants (tdCE CH4, tdCE CH63, MCE CH112, tdCE CH151, tdCE CH256, tdCE CH380) and the revertant RtdCE CH500/4 displayed less than 54~ of the wild-type efficiency of transcription at 39 °C by either method of assay. Two mutants (tdCE CH90 and tdCE CH194) appeared to display wild-type efficiencies of transcription at 39 °C. The other four mutants displayed intermediate levels of transcription at the restrictive temperature. There was no relationship between the amount of RNA synthesized by the mutants at 31 °C (see Fig. 3 b) and their efficiency of transcription at 39 °C. These results indicated that the tdCE mutation of CHP virus was associated with reduction of in vitro transcriptase activity at 39 °C in most tdCE mutants, and that there were no discrete classes of mutants with respect to their in vitro transcriptive abilities. 
Effect of reversion of the tdCE phenotype on in vitro transcriptase activity
The effect of reversion was studied for the clonally related tdCE and ts mutants derived from mutant tdCE CH354, and for two of the six tdCE mutants with the most thermosensitive in vitro transcriptase activities at 39 °C, i.e. tdCE CH151 and tdCE CH380. The reaction kinetics of RNA synthesis at 31 °C and 39 °C, assayed over 30 min and/or 120 rain were essentially as described above (data not shown). The efficiencies of transcription of these viruses compared to wild-type are summarized in Table 3 . Spontaneous mutation of the tdCE phenotype to a ts phenotype (tdCE CH354 to ts CH500) was accompanied by an increased thermosensitivity of the transcriptase activity at 39 °C, but reversion of ts CH500 back to the tdCE phenotype (RtdCE CH500/4) did not restore transcriptase activity at 39 °C to the original level. Neither was there restoration of transcriptase activity at 39 °C to the wild-type level on reversion of either tdCE CH354 or RtdCE CH500/4 to the non-tdCE (Rts ÷) phenotype. There was no significant change in transcriptase activity at 39 °C in either case. Reversion of ts CH500 directly to a non-ts phenotype (Rts ÷ CH500/2) was accompanied by partial restoration of transcriptase activity at 39 °C. The same was true for reversion of mutants tdCE CH151 and tdCE CH380 to the non-ts phenotype.
Therefore, it appeared that reversion of mutant (tdCE or ts) phenotype was rarely if ever accompanied by complete restoration of transcriptase activity at 39 °C to the wild-type level.
Effect of lowering the non-permissive temperature to 37 °C or 38 °C
In vitro transcriptase assays were carried out to investigate whether the differences observed between the efficiencies of transcription at 39 °C of mutant or revertant viruses displaying different degrees of defectiveness of their transcriptase activities would hold at the lower semipermissive and non-permissive temperatures of 37 °C and 38 °C respectively. Table 4 shows that both mutant tdCE CH245 and Rts + CH115/12, which exhibited 'intermediate' efficiencies of transcription at 39 °C, displayed wild-type efficiencies at 38 °C and 37 °C. On the other hand, mutants tdCE CH 112 and tdCE CH 151, both of which exhibited thermosensitive transcriptase activities at 39 °C still displayed a reduced efficiency of transcription at 38 °C and 37 °C, although better than at 39 °C. Hence, even at the lower non-permissive temperatures of 37 °C and 38 °C differences in efficiencies of transcription were still discernible. Table 5 (a, b) gives the results of in vitro RNA synthesis and methylation at 31 °C and 39 °C by three tdCE mutants, representing the spectrum of in vitro transcriptase activities, and wild-type virus (CHPts +) in the presence or absence of 100 laM-SAH. SAH appears to have a stimulatory effect on RNA synthesis in the majority of cases but a slightly depressing effect in other cases (see third and fourth columns). Similar effects were also observed by Horikami & Moyer (1982) for VSV Indiana. Columns five and six show that SAH has an inhibitory effect on methylation at 31 °C, as observed also by Horikami & Moyer. At 39 °C (Table 5b) effect of SAH was reduced, and in some cases non-existent. In general, the smaller the amount of methylation in the absence of SAH, the smaller was the inhibitory effect of SAH (compare columns five and six for both 31 °C and 39 °C), suggesting that the effectiveness of SAH as a competitive inhibitor of the methyltransferase is dependent on the enzyme activity available. The final column of Table 5 (a, b) shows that none of the three tdCE mutants exhibited a marked reduction in methylation compared to wild-type virus, at either 31 °C or 39 °C. Table  5 (c) gives 39 °C:31 °C percentage values for RNA synthesis and methylation, showing that none of the three tdCE mutants tested was deficient in methylation at 39 °C compared to the wild-type virus (column 4), and that the three tdCE mutants exhibited similar methyltransferase activities at 39 °C, irrespective of their in vitro transcriptase activities. The mean methyltransferase activity of the three mutants at 39 °C was 65 % of the wild-type activity.
Methylation of in vitro synthesized RNA

Intracellular protein synthesis in BS-C-1 and CE cells at 31 °C and 39 °C
SDS-PAGE of [35S]methionine-labelled virion polypeptides of the 12 tdCE mutants did not reveal any mobility differences in the migration of the five viral structural polypeptides that could be correlated with the tdCE phenotype (data not shown).
The ability of CHP virus tdCE mutants and VSV tdCE3 to synthesize viral proteins in vivo was investigated as an index of in vivo RNA synthesis. Mutant tsCH500, a protein synthesis-negative mutant, was included as a control. SDS-PAGE of [35S]methionine-labelled intracellular polypeptides showed that none of the 12 CHP tdCE mutants, VSV tdCE3, RtdCE CH500/4 or the six non-ts revertants of CHP were deficient in viral protein synthesis in BS-C-1 cells at either 31 °C or 39 °C (summarized in Table 6 ). In CE cells all mutant and revertant viruses synthesized viral structural polypeptides at 31 °C. However, at 39 °C none of the 12 CHP tdCE mutants showed detectable viral protein synthesis, except for mutant tdCE CH194, which synthesized almost as much viral protein at 39 °C as its non-ts revertant. Neither mutant ts CH500 nor its tdCE revertant, RtdCE CH500/4, synthesized detectable amounts of viral structural polypeptides in CE cells at 39 °C. All the non-ts revertants synthesized viral structural polypeptides efficiently at 39 °C in CE cells. The tdCE mutation was thus associated with an inability to synthesize detectable levels of viral polypeptides in CE cells at 39 °C in 11 out of 12 CHP tdCE mutants and in VSV tdCEY Reversion of the tdCE phenotype to the non-ts phenotype for all four mutants studied and for RtdCE CH500/4 was associated with restoration of the ability to synthesize viral polypeptides in CE cells at 39 °C. Fig. 4 gives the result of an investigation of heat-shock protein induction at 39 °C in CE cells infected with mutant tdCE CH151. The four stress proteins (SP1 to SP4) induced by sodium arsenite (Johnston et al., 1980; Notarianni & Preston, 1982) are clearly visible in lane 7. Lanes 2 and 4 show that at 39 °C neither mutant nor wild-type virus induced any of the four stress proteins above the mock-infected level. Hence, there is no evidence to suggest that heat-shock or stress proteins are induced above the normal level in CE cells infected at 39 °C and are responsible for the tdCE phenotype.
Induction of heat-shock proteins in CE cells at 39 °C by a tdCE mutant
DISCUSSION
Mutants of CHP virus (tdCE) have been isolated following mutagenization with 5-FU. Their frequencies of isolation (1-8 ~ and 3-9 ~o for 5-FU at 100 ~g/ml and 200 ~tg/ml, respectively) were lower than those reported for VSV (Pringle, 1978) , and although the screening procedure could have detected mutants totally restricted in CE cells or host-restricted in BS-C-1 cells, none was observed.
When 12 tdCE mutants of CHP virus were examined for their ability to synthesize RNA in vitro, using TNP preparations, a deficiency in transcriptase activity at 39 °C was observed for 10 of them. There were no discrete classes of CHP tdCE mutants (as reported for VSV New Jersey; Szil~igyi & Pringle, 1975) : an almost continuous gradation of transcriptase activity at 39 °C was observed. Thus, differential transcriptase activities in vitro have been observed for tdCE mutants of two different vesiculoviruses, VSV and CHP virus.
Reversion of the tdCE to the non-ts phenotype did not result in full restoration of transcriptase activity at 39 °C in vitro. Only partial restoration was observed with the most thermosensitive mutants. Reversion may thus be a consequence of pseudoreversion, which could operate through an extragenic suppressor mutation causing conformational change in a second protein (e.g. N or NS), affecting in turn the L protein or, more probably, by intragenic suppression via a second mutation in the L cistron. Because of the host range phenotype the presence of host factors is presumed to mediate in vivo the restoration of L protein folding to the wild-type state.
The demonstration by Horikami & Moyer (1982) that two host range mutants of VSV Indiana were defective in RNA methylation prompted an investigation of the ability of CHP tdCE mutants to methylate RNA in vitro. No evidence was obtained to suggest that the tdCE phenotype of these CHP virus mutants is associated with a methylation defect in vitro. However, the presence of a methyltransferase activity associated with the core of CHP virus was demonstrated. As reported for VSV (Deutsch & Banerjee, 1979) , the methyltransferase activity of CHP virus appeared to be tightly coupled with transcription and decreased coordinately with a decrease in RNA synthesis when the incubation temperature was increased. The methyltransferase activities of VSV and CHP virus have similar in vitro kinetics, but the higher percentage methylation for CHP virus at 31 °C (see Table 4 ) compared to that reported by Horikami & Moyer (t982) for VSV suggests a difference in the specific activities of the two methyltransferases. Finally, the demonstration that three CHP virus tdCE mutants, possessing different degrees of thermosensitivity of their transcriptase activities in vitro, have similar methyltransferase activities suggests that the two enzyme activities are independent. Horikami & Moyer (1982) likewise observed that mutant hrl of VSV, which was deficient in in vitro methylation, was not deficient in RNA synthesis. The stimulatory effect of SAH on RNA synthesis (see Table 4 ) has also been reported for VSV (Horikami & Moyer, 1982) and cytoplasmic polyhedrosis virus (Furuichi, 1978) and may, therefore, be general among RNA viruses.
All ten CHP virus tdCE mutants which exhibited reduced in vitro transcriptase activities at 39 °C showed no detectable protein synthesis by [3SS]methionine labelling in CE cells at 39 °C; therefore, the transcriptase activity of these mutants is likely to be defective in vivo also. Since reversion of the tdCE phenotype of four mutants studied was accompanied by restoration of the ability to synthesize viral proteins in vivo, the growth restriction in CE cells at 39 °C is presumed to be a result of the reduction or absence of viral protein synthesis as a consequence of impaired transcription.
The abortive infection of mutant tdCE CH194, on the other hand, which appears to synthesize proteins normally in vivo at 39 °C, may be a result of a defect at the stage of virus maturation, the synthesis of defective proteins or its ability to induce interferon in CE cells at 39 °C (N. Rasool & C. R. Pringle, unpublished observations).
